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Overview
• Willow biomass  is a  promising alternative feedstock for biorefinery processes. This interdisciplinary 
research project uses willow wood from the GVSU agricultural project with the following goals:
• Characterize 4 varieties of shrub willows lignin and compare with literature data
• Determine the concentration of trace metals within willow ash samples
• Create undergraduate, laboratory-scale, procedures for analysis of alternative feedstocks
• Contemporary fuel source are dominated by non-renewable resources
• Non-renewable resources produce an increasing amount of green house gases each year. 38 Gt of 
carbon dioxide was emitted in 2015. Estimated to rise to 75 Gt by 2035 [Abas et al., 2015]
• Using the data present in Table 1, it can be estimated that scarcity in non-renewable resources will 
occur around the years 2017, 2025, and 2055 for oil, gas, and coal, respectively
• Contemporary sources of biomass – e.g. corn, soybeans, and sugarcane – bear substantial carbon 
footprints, which diminish the sustainable nature of the feedstocks.
• Water: Per L of biofuel produced from corn, soybean, and sugarcane, 2.01, 15.63, and 1.47 m3, 
respectively, are required [Yang et al., 2009].
• Fertilizers: Corn requires 302 lb of fertilizer per year [USDA, 2016]. 
• Food: Using these crops for biomass diverts food from the estimated 810 million hungry people 
globally [World Health Organization, 2018].
• By contrast, woody biomass requires no deliberate watering or fertilizer application to optimally grow. 
• Shrub willow is a fast-growing woody biomass that is native to temperate deciduous 
environments, and has thus been recently investigated by groups in New York [Volk et al., 2005], 
Finland [Dou et al., 2016 and 2019], Sweden [Mola-Yudego et al., 2008], and the UK [Vincent et 
al., 2018], to name a few studies. There are, however, few studies of willow biomass in Michigan.
• The willows were physically examined for % moisture & % ash, which are two essential considerations 
in large-scale biorefinery processes. Ash specifically can pose a major problem for biomass processing 
techniques, especially pyrolysis, where deposits or corrosive complexes can degrade machinery. (2017-
2018 Andrew Freiburger) 
• The enthalpy of combustion is currently under investigation and may bear importance for 
understanding the energetic potential of willow biomass.
• The willows were analyzed for % extractable – via steam distillation and Soxhlet extraction (using 
DCM, hexanes, ethanol, and acetone) – extractable composition – via Gas Chromatography Mass 
Spectrometry – and lignified matter by the Kraft process and Soxhlet extraction – via Infrared 
Spectroscopy. (2017-2018 Andrew Freiburger) 
Extraction of Lignin Procedure
• Extraction of Lignin
• 14 grams of dry willow wood was transferred into a round bottom flask attached to a condenser 
and containing 100 mL of 1,4-dioxane, 11.2 mL of 2M HCl, and a magnetic stir bar. The solution 
was heated and stirred at reflux for 1 hour.
• The solid was filtered, dried and weighted for mass balance calculations. The filtrate, containing 
the extracted lignin was concentrated, via rotary evaporator, to the consistent black sludge. 
• Purification of Lignin
• The lignin  sludge was dissolved in 10 mL of acetone/water, 9:1 by volume. This mixture was 
added to a volume of water equivalent or greater than ten times the mixture volume, under 
stirring, to induce precipitation of crude lignin. The solid, crude lignin, was separated by vacuum 
filtration and left to dry before being weighed.
• The crude lignin was dissolved in10 mL of acetone/methanol  9:1 by volume. This mixture was 
added, under constant stirring, to volume of diethyl ether equivalent or greater than ten times the 
mixture volume, to induce precipitation of purified  lignin. The solid lignin was separated via 
vacuum filtration and left to dry in air ad room temperature. When dry (no mass loss noted in 
successive weighing)  the purified lignin was analyzed by ATR-IR spectroscopy. Significant IR 
data are shown in Table 3, along with relevant literature data.
Bioremediation: Willow Ash Analysis
Willow wood is often targeted for bioremediation due to its fast growth and high biomass yield [Dixit 
et al., 2015]. To help with through phytoremediation willow trees are often planted in areas of high 
contamination to absorb heavy metals. In order to test the amount of trace metals in local willow 
wood we analyzed willow ash for copper, lead, zinc, and cadmium.
• Standard Solutions
• Copper II nitrate trihydrate ranging from 1.98 - 79.0 ppb,
• Lead II nitrate ranging from 1.63 – 81.7 ppb, (the lowest concentrated solution of lead II 
nitrate was not used in further calculations due to lack of precision)
• Zinc nitrate hexahydrate ranging from 0.964  – 86.7 ppb,
• And cadmium chloride ranging from 2.11 – 84.4 ppb.
• Willow Ash Solution:
• 90 mg of  Fishcreek willow ash was mixt with 24 mL of deionized water and 1 mL of 6M nitric 
acid and heated under stirring for 20 minutes or until the ash is dissolved.  The solid was 
separated via vacuum filtration. The filtrate  was added to a 25.0 mL volumetric flask, diluted 
with deionized water, and  analyzed using inductively coupled plasma mass spectrometry (ICP). 
The results can be seen in Table 4, along with relevant literature data.
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Results
Conclusions
• The IR experimental data was highly comparably to the literature. We can safety deduce that the product is purified lignin. 
• There are minimal differences in the lignin between willow genus.   
• Due to the similarity in the IR spectra present in crude and purified lignin, we hypothesized that the second purification step is 
only necessary when the final product must contain minimal impurities.
• The average mass yield for purified lignin was 8.84%. Variations occurred due both to the complex nature of lignin and the 
small variations in lab procedure.
• Trace metals found in the willow wood ash were near consistent with what was predicted through the literature. The exception 
was copper which had a larger concentration than expected.
Future Work
• Replicate Experiments to gain a higher degree of accuracy and reliability of data.
• Depolymerize willow lignins to obtain valorized products suitable for  standardized green chemistry.
• Find a suitable substitute for the hazardous solvents used.
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Data source Copper (ppm) Lead (ppm) Cadmium (ppm) Zinc (ppm)
Literature data 171 - 2 7293
Experimental data 2300 18 2.3 7500
Table 1: Consumption and Acquisition of Non-renewable Resources
Data represents worldwide usage of non-renewable, Abas et al., 2015
Measured in Wavenumber (cm-1)
Functional Group Literature SX64 Fabius Millbrook Fishcreek
O-H stretch 3390.9 3392.56 3383.54 3374.81 3391.29
C-H stretch in methyl and methylene groups 2936.9 2919.14 2936.76 2916.38 2936.48
C=O stretch in unconjugated ketone, carbonyls, and in ester groups 1720.7 1717.52 1717.49 1717.47 1717.38
C=O stretch in unconjugated p-substituted aryl ketones 1616.83 1616.71 1616.69 1616.51
Aromatic skeletal vibrations plus C=O stretch 1601.1 1597.81 1591.83 1591.90 1591.51
Aromatic skeletal vibrations 1515.3 1505.81 1507.04 1507.03 1506.73
C-H deformations; asymmetry in -CH3 and -CH2- 1462.1 1456.68 1456.86 1456.84 1456.62
Aromatic skeletal vibrations combined with C-H in plane deform 1424.6 1419.38 1419.42 1419.38 1419.16
S ring plus G ring condensed 1327.7 1324.72 1327.09 1326.77 1327.55
C-C plus C-O plus C=O stretch 1216.0 1222.07 1220.54 1220.78 1219.80
Aromatic C-H in-plane deformation; secondary alcohols plus C=O stretch 1120.2 1119.77 1115.81 1116.16 1118.72
Aromatic C-H in-plane deformation; C-O deform in primary alcohols; C=O stretch 1027.24 1029.77 1031.70 1031.62
C-H out-of-plane in position 2 and 6 of S, and in all positions of H units 831.9 875.79 870.54 876.58 874.09
Genus of Wood Initial Mass of 
Wood (g)
Mass of Wood 
Byproduct (g)
Mass of Black 
Sludge (g)
Mass of Crude 
Lignin (g)
Mass of Purified 
Lignin (g)
SX64 #1 13.898 9.648 5.586 0.939 0.625
SX64 #2 14.062 10.812 5.062 2.833 1.027
Fabius #1 13.990 8.732 4.660 1.674 1.114
Fabius #2 14.026 10.412 5.851 1.951 1.094
Millbrook #1 14.088 8.233 6.723 1.545 1.315
Millbrook #2 14.030 13.660 11.641 0.290 0.109
Fishcreek #1 14.375 10.224 12.656 2.358 1.556
Fishcreek #2 13.391 10.286 3.986 3.735 2.978Non-renewable 
resource 
Current 
reserves
Annual resource 
acquisition 
Daily resource 
consumption
Annual increase in 
consumption
Oil 1688 billion 
barrels
600 million
barrels
92 million 
barrels
1.4 million
barrels
Natural Gas 6558 trillion 
cubic feet
100 billion 
cubic feet
329 billion 
cubic feet
4.5 billion 
cubic feet
Coal 891 billion tons 2.74 billion tons 7.89 billion tons 3.1 million tons
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Table 2: Mass Balance for Extraction and Purification of Lignin
Amounts vary due to the complex nature of lignin. Side reactions and incomplete reactions greatly affect the product percent yield.
Table 3: IR Data for Purified Lignin (Willow Genus)
Literature values from Guo et al., 2016
Table 4: Concentrations of Trace Metals Detected with ICP
Data acquired using ash from Fishcreek willow wood.  Literature values from Ange et al., 2016
Background on Lignin
Lignin is one of the most abundant renewable resource occurring in almost every type of plant except a few species of algae. Due to 
lignins abundant nature, it can be used to produce energy and/or chemical compounds and, unlike other biomass resources, not interfere 
with the food industry. Typically, lignin will make up 10-35 % of the biomass by weight and accounts for 40 % of its energy [Guo et al., 
2017]. Lignin is a tridimensional polymer primarily consisting of three aromatic subunits: (see structure below): syringyl (s), guaiacyl (g), 
and p-hydroxyphenyl (h) [Kishimoto et al., 2005]. Due to its abundance, its high energy value, and its structure lignin has been used in 
the production of many daily-life essentials, such as  adhesives, surface coatings, creams, lotions, sporting goods, automobiles, and 
machinery [Saha et al., 2019].  
Willow wood as a source of biomolecules is based on the species rapid growth with minimal resource and energy investments. The goal 
of this project was to explore efficient ways to extract lignin from four different genres of willow wood, SX64, Fabious, Millbrook, and 
Fishcreek, and characterize the extracted lignin via qualitative IR analysis.
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